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Abstract 
Single-screw extrusion process of propellant has the characteristics of multiple accidents, complicated rheological parameters and 
difficult measurement of real-time conditions, however, the process details can be reproduced by simulation conveniently and 
intuitively. In this paper, the POLYFLOW simulation platform was used to model and analyze the single-screw extrusion process 
of propellant through the application of Finite Element Analysis on extrusion of plastic. The distributions and changes of 
viscosity in extrusion process, which were taken as the starting point to study the threshold and distribution of pressure, 
temperature and other sensitive parameters, were obtained. The simulation shows that the risk at the screw edge is higher because 
of severe mixing and plasticizing process, and the viscous heating is up to 1.4h105 WΦm-3. Parameters under different speed 
conditions were studied as well, which provide guidance for the coordination of security and economy in production. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of scientific committee of Beijing Institute of Technology. 
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1. Introduction 
The development of aerospace cannot do without the progress of propellant. Solid propellant, as the fundamental 
energy to aircrafts, rockets and missiles, can provide reliable guarantee to stable flight and precise control [1]. In 
recent years, the production scale and output of solid propellants are expanding and increasing constantly in order to 
meet the growing demand. However, solid propellant, which is a major energetic material constitutionally, has the 
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characteristics of flammability, explosive and evolution of large amounts of energy in particular excitation 
conditions. And single-screw extrusion process is widely used in many plants nowadays. So there is a significant 
possibility that the sensitive propellant materials are initiated unexpectedly under screwing, mixing, plasticization 
and molding. Table 1 shows a number of accidents occurred in different steps during solid propellant production of 
one plant in the 1980s. Both rolling step and stretching step have a higher frequency in statistics, and caused much 
more loss than other steps. Also single-screw extrusion is involved in the two steps, which deserves more attention. 
Table 1. Accident occurred in different steps during solid propellant processing [2]. 
Step Blending Slurry Driving water 
Rolling 
(single-screw 
extrusion) 
Drying Thermostatic 
Stretching 
(single-screw 
extrusion) 
Accidents 12 7 23 56 23 2 86 
Direct economic loss 
˄ten thousand yuan, 
RMB˅ 
43.15 2.63 3.00 23.43 20.50 0.22 89.40 
 
Single-screw extrusion is a complex phase coexistence and change process, that solid phase composed of polymer 
particles is gradually transformed into liquid phase under the action of conductive heat and heat dissipation of 
viscosity [3]. The process is first applied in the production of plastic, and domestic and foreign experts have done a 
lot of research on that. Jaluria studied Solid Transport Model in screwing process with different operating conditions, 
geometric characteristics and friction from groove [4]. The feeding section of screw process was focused in several 
researches by K. WilczyÄski, and the relationships between solid-bed and temperature, pressure and other 
parameters in non-Newtonian fluid melting process were predicted in the studies [5]. M. R. Thompson used 
numerical simulation technique to analyse the model of single-screw extrusion [6]. L ZHANG simulated solid 
transport under vibration force field using the discrete element method, and the law of transport in certain vibration 
parameters was obtained [7]. In recent years, the solid transport theory and numerical analysis method began to be 
used in the research of single-screw extrusion process of propellant, because of the same characteristic of non-
Newtonian fluid between propellant and plastic. However, current researches on the process of the screw extrusion 
are quite inadequate, especially on the rheological parameters of the propellant material, which affects the process 
safety greatly. Additionally, limited experience and insufficient test have a negative effect on the coordination of 
economic and safety. In this paper, POLYFLOW was adopted to simulate the extrusion process, and the intuitive 
distributions of different rheological parameters were obtained. The results have certain guiding significance for the 
process optimization and parameters selection, and are very realistic for the actual production and safety assessment. 
2. Numerical Simulation 
2.1. Basic Assumptions 
Based on the theories of rheology and three classic conservation laws (continuity, momentum and energy), and 
combined with the screwing process and the viscoelastic characteristics of propellant materials, the basic 
assumptions are: 
x The material fluid is incompressible, and meets pseudoplastic characteristics. 
x Screw rotation speed is low, so the target fluid is a laminar flow. And there is no slippage between fluid and 
cylinder wall. 
x Only the fluid viscous force is concerned, as inertial force and gravity here are comparatively small. 
x There will be no chemical reaction or change in density. 
The material constitutive equation is given by Bird-Carreau mode:
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where,ߟ represents the current viscosity; ߟͲ is the starting shear viscosity; ߟλ  is the infinite shear viscosity; n is the 
non-Newtonian index;  ߣ is the relaxation time;  ߛሶ  is the shear rate; T0 is the inflow temperature; and T is the current 
temperature. 
2.2. Rheological Parameters 
The rheological parameters of material is shown in Table 2. 
     Table 2. Rheological parameters of propellant material 
parameters  value 
Density ρ [kgΦm-3]  1.78×103 
Starting shear viscosity ߟͲ [ PaΦs]  2.5×107 
Infinite shear viscosity ߟλ  [ PaΦs]  0 
Heat transfer coefficient k [ WΦm-1ΦK-1]  0.35 
Specific heat capacity Cp [J /(kgΦK)]  3500 
Non-Newtonian index n  0.38 
Temperature coefficient of sensitivity b  2 
Relaxation time ߣ  [s]  4.48 
2.3. Geometric Model 
Geometric parameters of the target single-screw are given by Table 3. And the schematic diagrams are shown in 
Fig 1. 
Table 3. Parameters of single-screw in simulation. 
Geometric parameters 
Single-screw Gap to sleeve 
root 
diameter 
outer 
diameter 
screw 
length 
edge 
width 
thread 
pitch 
groove 
depth gap 
Value[mm] 80-90 100 500 6 83.3 5-10 5 
 
(a)  (b)  
Fig. 1. (a) flow channel; (b) single-screw. 
3. Results and Discussion 
According to the process conditions, material is fed into single-screw at 60 ć, and is heated by 80 ć heating 
water inside the screw. The temperature of cylinder wall is 70 ć. Pressure difference between the inlet and outlet of 
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material is 8MPa, and screw rotation speed is 10r/min. From the microscopic point of view, screw extrusion process 
can be seen as the breakage and rearrangement of molecular chains, which bring the changes of viscosity, and show 
the differences in temperature, pressure and other parameters, and these parameters will affect the viscosity in return.  
Fig 2 shows the viscosity cloud in the Y=0 section; Fig 3 demonstrates 4 viscosity curves along the Z axis (x = 
0.047m; x = 0.049m; x = 0.051m; x = 0.053m), where Y=0. From these figures, viscosity decreases firstly and then 
becomes stable along the forward axial direction of materials. At the inlet, the time of shearing is short, the 
molecular chains begin to fracture, and friction is more severe, so the viscosity is high. While, in the subsequent 
section, viscosity decreases and becomes stable because of fully mixture and reduced friction. Viscosity in a single 
pitch is highest at the edge and lowest at the groove (ߟݔൌͲǤͲͷ͵>ߟݔൌͲǤͲͷͳ>ߟݔൌͲǤͲͶͻ>ߟݔൌͲǤͲͶ͹ ), and curves exhibit a 
periodic fluctuation, which is shown in the detailed part of Fig 3 and Fig 4(a). 
 
 
Fig. 2. Viscosity cloud, Y=0. 
 
Fig. 3. Viscosity curves, the Z axis. 
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The shear rate is higher on the top of screw edge (Fig 4(b)), and viscosity is lower (Fig 4(a)) because of the action 
of “shear thinning”. The fluid channel is narrow near screw edge, so the action of friction between materials is 
obvious, and with the strong shear force and significant phenomenon of breakage and rearrangement of molecular 
chain, viscous heating is remarkable. Combining with the internal heating device in the process, the heat 
accumulates at the screw edge, which leads to the formation of “hot spot” eventually, and the value of shear heating 
reaches up to 1.4h105 WΦm-3 (Fig 4(c)). Pressure cloud of the same cross-section is shown in Fig 4(d). It can be 
discovered that the flow resistance of materials is large near the extrusion surface of screw, which makes a 
contribution to pressure build-up, and pressure decreases gradually along the screw rotation direction. 
 
(a) (b)  
(c) (d)  
Fig. 4. (a) viscosity cloud, Z=0.20m; (b) shear rate cloud, Z=0.20m; (c) viscous heating cloud, Z=0.20m; (d) pressure cloud, Z=0.20m . 
In single-screw extrusion process, screw rotation is the power source for mixing, plasticizing and extruding. In 
addition, different speeds of screw not only change rheological parameters of materials, which have a significant 
influence on safety, but also affect the economic efficiency of production. Fig 5(a) demonstrates average viscosity 
values of stable condition in the rotation rate of 3r/min, 5r/min, 7r / min, 10r/min, 12r/min and 15r/min. As the speed 
accelerates, the viscosity decreases, so does the declining rate. And the trend of curve is very consistent with the 
experiment results of thermoplastic starch (Fig 5(c)) [8]. The relationship between shear rate and viscosity (spline 
curve in Fig 5(d)) can be obtained from the curves of speed and shear rate (Fig 5(b)). As a pseudoplastic fluid, the 
material meets the Ostwald–de Waele power law: 
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where, K is flow consistency index; ߟܽ  is  apparent viscosity; and ߛሶ  is shear rate. The equation will represent  
pseudoplastic fluid, when flow behavior index n < 1. The red curve in Fig 5(d) is the fitted curve of Ostwald–de 
Waele power law, where Adj Rsquare=0.998; K=6.21; and n=0.67 < 1, which means the results meet the character 
of pseudoplastic fluid. The feasibility of simulation is verified from the comparison of figures of Fig 5. Based on the 
analysis above, the increase of rotation speed will cause the changes of viscosity, which can further lead to pressure 
increasement and heat accumulation, and then temperature rise. 
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(a) (b)  
(c) (d)  
Fig. 5. (a) viscosity under different speeds; (b) shear rate under different speeds; (c) viscosity of thermoplastic starch under different speeds; (d) 
curve of shear and viscosity. 
4. Conclusions 
x In the stable working condition of single-screw extrusion process, the viscosity value decreases firstly and then 
tends to be stable, and the trend is periodic fluctuation correlated with the geometic features of screw. The 
profiles of viscous heating, shear rate and other parameters, which are contacted and interacted with viscosity 
closely, are also periodic fluctuation. 
x Close to the screw edge, viscosity is low, shear rate is high, and the phenomenon of viscous heating is obvious. It 
is easier to form a “hot spot” near this part, because of the accumulation of heat. And the pressure peak is also at 
this position, which should be paid more attention to. 
x The rotation speed has a significantly positive correlation with pressure, temperature, viscous heating and shear 
stress. High rotation speed is benefit for the mixing and plasticizing, but it also increases risk factors. Considering 
the results of simulation, the selection of process parameters should be more cautious.  Increasement of 
production and pursuit of interests should be under the precondition of guarantee the safety. 
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